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Introduction {#sec001}
============

The heat shock protein 90 (Hsp90) is a highly abundant and ubiquitous molecular chaperone that plays an essential role in the proper folding, stabilization and activation of a myriad of \"client" proteins involved in various cellular processes. Hsp90 is important for stress response and seems to be a key player in maintaining cellular homeostasis \[[@pone.0156507.ref001],[@pone.0156507.ref002]\]. Since Hsp90 and its client proteins are involved in multiple oncogenic signal transduction pathways crucial for growth and survival of cancer cells \[[@pone.0156507.ref003]--[@pone.0156507.ref006]\], it is important to understand the complexity of Hsp90 regulation. Human cytosolic Hsp90 (Hsp90α and Hsp90β) contains the amino-terminal (N-terminal) ATP-binding domain, the middle (M) domain and the carboxy-terminal (C-terminal) dimerization domain \[[@pone.0156507.ref001]\]. Hsp90 activity depends on ATP hydrolysis coupled with cyclic conformational rearrangements and is tightly regulated by sequential binding and release of different co-chaperones as well as by post-translational modifications \[[@pone.0156507.ref007]--[@pone.0156507.ref011]\]. Various co-chaperones can influence Hsp90 activity in different ways, including regulation of ATP hydrolysis and conformational dynamics or recruitment of specific client proteins. Among Hsp90 co-chaperones is Sgt1 (Suppressor of G2 allele of Skp1), originally discovered in yeast \[[@pone.0156507.ref012]\] and then in human cells where it is expressed in two isoforms, Sgt1A and Sgt1B. Sgt1 is composed of three domains: the N-terminal TPR (tetratricopeptide repeat) and middle CS (CHORD-containing proteins and Sgt1) domains, which are common to other co-chaperones, and the C-terminal SGS (Sgt1-specific) domain. It has been shown that Sgt1 binds Hsp90 through its CS domain \[[@pone.0156507.ref013]\] but further studies have revealed that also the SGS domain is required for the Sgt1-Hsp90 interaction \[[@pone.0156507.ref014]\]. Interestingly, the amino acid sequence of both CS and SGS domains of Sgt1 is highly similar to the sequence of the corresponding domains present in the CacyBP/SIP protein \[[@pone.0156507.ref013]\].

CacyBP/SIP \[calcyclin (S100A6)-binding protein and Siah-1 interacting protein\] was originally identified in Ehrlich ascites tumor cells as an S100A6 binding partner \[[@pone.0156507.ref015],[@pone.0156507.ref016]\] and later described as a Siah-1 ligand \[[@pone.0156507.ref017]\]. CacyBP/SIP is present in various mammalian cells and tissues and seems to be involved in protein dephosphorylation, ubiquitination, cytoskeletal dynamics, regulation of gene expression, cell proliferation, differentiation and tumorigenesis \[[@pone.0156507.ref018]\]. Involvement of CacyBP/SIP in these processes might be due to the interaction with many targets such as members of the S100 family, Skp1 and Siah-1, cytoskeletal proteins and ERK1/2 kinase \[[@pone.0156507.ref018],[@pone.0156507.ref019]\]. Recently, it has been reported that CacyBP/SIP shares sequence similarity with the MKP family phosphatases and is able to dephosphorylate ERK1/2 \[[@pone.0156507.ref020]\]. Moreover, CacyBP/SIP exhibits phosphatase activity towards tau protein, which suggests a possible role of CacyBP/SIP in Alzheimer's disease pathology \[[@pone.0156507.ref021]\].

On the basis of the homology between Sgt1 and CacyBP/SIP and some preliminary data \[[@pone.0156507.ref013],[@pone.0156507.ref022],[@pone.0156507.ref023]\] we hypothesized that CacyBP/SIP might directly interact with Hsp90 and exhibit co-chaperone or chaperone properties. To confirm that, in this work we performed a set of experiments either using cell lysates or recombinant proteins. Moreover, taking into account that CacyBP/SIP exhibits phosphatase activity towards ERK1/2 we examined whether CacyBP/SIP might dephosphorylate Hsp90.

Materials and Methods {#sec002}
=====================

Cell culture, radicicol/novobiocin treatment and cell lysate preparation {#sec003}
------------------------------------------------------------------------

HEp-2 (Human Epidermal Carcinoma) cells (ATCC) were cultured in DMEM (Sigma-Aldrich) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco), 40 mM sodium bicarbonate (Sigma-Aldrich), penicillin (100 units/ml) and streptomycin (100 μg/ml; both from Sigma-Aldrich) in 5% CO~2~ incubator at 37°C. The medium was changed every 2--3 days and the cells were passaged when confluent.

In order to examine the influence of Hsp90 inhibition on the CacyBP/SIP protein level, 70--80% confluent HEp-2 cells were incubated for 6 hrs with increasing concentrations of two different inhibitors of Hsp90 i.e., radicicol (5, 10 or 20 μM) and novobiocin (1, 2.5 or 5 mM) (Sigma-Aldrich). After that, total cell lysates were prepared in lysis buffer containing 25 mM Tris-HCl pH, 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% (v/v) IGEPAL, 1% (v/v) Triton X-100, supplemented with protease inhibitors (Roche). The lysates were centrifuged at 20 000 x g for 20 min at 4°C and protein concentration was measured by the Bradford's procedure \[[@pone.0156507.ref024]\]. Next, 30 μg of total protein from the supernatant was precipitated with cold acetone and analyzed by Western blot using specific anti-CacyBP/SIP antibody (Cell Signaling Technology).

Cell transfection and co-immunoprecipitation {#sec004}
--------------------------------------------

In order to check whether CacyBP/SIP co-precipitates with Hsp90, HEp-2 cells were transfected with an appropriate plasmid: pcDNA3.1-3xFLAG-Hsp90α, pcDNA3.1-3xFLAG-Hsp90β, p3xFLAG-CMV-10-Hsp90β(N+M) \[encoding fragment covering the N-terminal (N) and middle (M) domain, residues 1--546\], p3xFLAG-CMV-10-Hsp90β(M+C) \[encoding fragment covering the middle (M) and C-terminal (C) domain, residues 206--724\], p3xFLAG-CMV-10-Hsp90β(M) \[encoding fragment covering the middle (M) domain, residues 206--546\] or with a control plasmid p3xFLAG-CMV-10, using TrueFect Transfection Reagent (United Biosystems) according to the manufacturer\'s protocol. After 5 hrs, the medium was replaced with fresh complete medium and cells were cultured in 5% CO~2~ at 37°C for the next 24 hrs. For co-immunoprecipitation (co-IP) cells were washed with ice-cold PBS, harvested and homogenized mechanically by being passed 40 times through a needle (0.45 x 13 mm) in the IP buffer containing 10 mM Tris-HCl, pH 7.5, 50 mM KCl, 3 mM MgCl~2~, 0.1% (v/v) Triton X-100 supplemented with protease and phosphatase inhibitors (Roche). Cell lysate was centrifuged at 16 000 x g for 10 min at 4°C and protein concentration was measured by the Bradford's procedure. Next, approximately 800--1000 μg of total protein from the supernatant fraction was incubated with anti-FLAG antibody coupled to agarose beads (Sigma-Aldrich) at 4°C for 3 hrs. The unbound fraction was removed, the resin was washed with IP buffer and the bound proteins were eluted from the anti-FLAG resin using 0.1 M glycine, pH 3.5. The eluted proteins were precipitated with cold acetone and analyzed by Western blot using specific antibodies. In order to examine the influence of Hsp90 inhibition on the CacyBP/SIP-Hsp90 complex formation, cells were treated with 1 μM radicicol or 1 mM novobiocin for 2 hrs and then harvested as described above.

SDS-PAGE and immunoblotting {#sec005}
---------------------------

Gel electrophoresis with 10% (v/v) polyacrylamide was performed by the method of Laemmli \[[@pone.0156507.ref025]\]. Then, the proteins were transferred electrophoretically onto nitrocellulose membrane (BioRad) and identified using appropriate primary antibodies: polyclonal rabbit anti-CacyBP/SIP (Cell Signaling Technology; dilution 1:1000), mouse monoclonal anti-Sgt1 and mouse monoclonal anti-Hsp90 (BD Transduction Laboratories; dilution 1:500 and 1:1000, respectively), rat monoclonal anti-Hsp90 (Enzo Life Sciences; dilution 1:1000), rabbit polyclonal anti-Raf1 (Santa Cruz Biotechnologies; dilution 1:1000), mouse monoclonal anti-FLAG (Sigma-Aldrich; dilution 1:2500) and mouse monoclonal anti-β-actin HRP-conjugated (Sigma-Aldrich, dilution 1:40000). Incubation with primary antibodies was carried out overnight at 4°C. After washing with TBS-T containing 50 mM Tris-HCl, pH 7.5, 200 mM NaCl and 0.05% (v/v) Tween-20, the membranes were allowed to react with appropriate secondary antibodies conjugated to horseradish peroxidase (HRP): goat anti-mouse IgG (Jackson Immunoresearch Laboratories, dilution 1:12000), goat anti-rabbit IgG (MP Biomedicals, dilution 1:10000) or rabbit anti-rat IgG (Enzo Life Sciences; dilution 1:5000). The memmbranes were then washed with TBS-T and developed using Clarity Western ECL Substrate (BioRad) followed by exposure against an X-ray film. The intensities of protein bands were quantified, with β-actin as a reference protein, using the Ingenius densitometer and the Gene Tools software (SynGene). Statistical data analysis was performed using the Student\'s *t*-test.

Two-dimensional (2D) electrophoresis {#sec006}
------------------------------------

HEp-2 cells were co-transfected with plasmid encoding Hsp90β-3xFLAG and either CacyBP/SIP-3xFLAG or 3xFLAG (control), analogically as described above. 24 hrs after transfection, total cell lysates were prepared in lysis buffer described above, supplemented with protease inhibitors (Roche). Lysates prepared from cells co-transfected with control plasmid, p3xFLAG-CMV-10, were incubated or not with Lambda Protein Phosphatase (Lambda PP; New England BioLabs). Then, 250 μg of protein precipitated using ReadyPrep 2D Cleanup kit (BioRad) was resuspended in sample buffer containing 8 M urea, 2% (w/v) CHAPS, 50 mM DTT and 0.2% (v/v) ampholyte (BioLyte pH 3--10; BioRad). Samples were applied on linear 7 cm long pH-gradient (pH 3--10) strips (BioRad) and incubated for 16 hrs at RT for rehydration. Following the rehydration, isoelectrofocusing (IEF) was performed for 16 hrs with final voltage of 4000 V using the Protean IEF Cell instrument (BioRad). Next, the strips were equilibrated for 25 min in the buffer containing 375 mM Tris-HCl, pH 8.8, 6 M urea, 2% (w/v) SDS, 20% (v/v) glycerol and 2% (w/v) DTT and then for 25 min in the buffer containing 2% (w/v) iodoacetamide instead of DTT. Finally, standard SDS-PAGE with 10% (v/v) polyacrylamide gel was performed followed by Western blot analysis using mouse monoclonal anti-Hsp90 antibody (BD Transduction Laboratories).

In another approach, 2 μg of Hsp90 purified from HeLa cells (Enzo Life Sciences) was incubated alone (control) or in the presence of 4 μg of recombinant CacyBP/SIP in a buffer containing 20 mM Tris-HCl, pH 8.4, 150 mM NaCl for 30 min at 30°C. For positive control, Hsp90 was incubated with 0.5 μl (20 U) of Lambda Protein Phosphatase (Lambda PP; New England BioLabs), instead of CacyBP/SIP, in a buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl and 1 mM MnCl~2~. Then, the proteins were precipitated using the ReadyPrep 2D Cleanup kit (BioRad) and analyzed by 2D electrophoresis and Western blot as described above.

Proximity ligation assay {#sec007}
------------------------

To visualize the CacyBP/SIP-Hsp90 complexes (and Sgt1-Hsp90 ones as a positive control) in HEp-2 cells, the proximity ligation assay (PLA; In situ PLA Technology, Olink Bioscience) was applied. Cells grown on poly-L-lysine (Sigma-Aldrich) coated coverslips, were fixed with 3% (w/v) paraformaldehyde in the PHEM buffer containing 60 mM PIPES, 25 mM HEPES, pH 6.9, 5 mM EGTA, 4 mM MgCl~2~ for 20 min at RT.

The coverslips were then washed with PBS, incubated with 50 mM NH~4~Cl in the PHEM buffer for 10 min at RT and washed with PBS. Next, cells were permeabilized for 4 min with 0.1% (v/v) Triton X-100 in the PHEM buffer and washed again with PBS. All the following steps were performed according to the manufacturer\'s protocol using reagents (except primary antibodies) and buffers provided in the PLA kit. The reaction with primary antibodies, mouse anti-Hsp90 (BD Transduction Laboratories) and either rabbit anti-CacyBP/SIP (Cell Signaling Technology) or rabbit anti-Sgt1 (ProteinTech) (each diluted 1:100) was conducted for 2 hrs at RT in a humidity chamber. In control experiment, cells were incubated under the same conditions without primary antibodies or the ligase or with primary antibodies against ATP synthase C (a protein not interacting with Hsp90). After washing, the incubation with anti-rabbit PLUS and anti-mouse MINUS PLA-probes (1:5) was carried out for 1 hr at 37°C in a humidity chamber. Following the ligation and amplification steps, the coverslips were immobilized on the glass slides with the mounting medium containing DAPI. The cells were analyzed with Zeiss Spinning Disc Confocal Microscope (Carl Zeiss GmbH) with 63×oil objective in the Laboratory of Imaging Tissue Structure and Function (Nencki Institute of Experimental Biology PAS).

Plasmids {#sec008}
--------

For cell transfection the following plasmids were used: pcDNA3.1(+)-3xFLAG-HA-Hsp90α, pcDNA3.1(+)-3xFLAG-HA-Hsp90β, p3xFLAG-CMV-10-Hsp90β(N+M), p3xFLAG-CMV-10-Hsp90β(M+C), p3xFLAG-CMV-10-Hsp90β(M), and p3xFLAG-CMV-10-CacyBP/SIP. Construction of the pcDNA3.1(+) plasmids encoding full length human Hsp90α and Hsp90β with N-terminal FLAG and HA tags was described by Zurawska *et al*., \[[@pone.0156507.ref026]\]. The p3xFLAG-CMV-10-Hsp90β(N+M), p3xFLAG-CMV-10-Hsp90β(M+C) and p3xFLAG-CMV-10-Hsp90β(M) plasmids encoding the N-terminal (N) and the middle (M) domains (residues 1--546), the middle (M) and the C-terminal (C) domains (residues 206--724) or the middle (M) domain (residues 206--546) of Hsp90β, respectively, were obtained by PCR using appropriate primers and the p423TDH3-Hsp90β plasmid as a template \[[@pone.0156507.ref026]\]. The plasmid encoding human CacyBP/SIP with the N-terminal FLAG tag was prepared as follows. cDNA obtained from total RNA purified from SH-SY5Y cells served as a template for PCR reaction with appropriate primers ([Table 1](#pone.0156507.t001){ref-type="table"}) to amplify human CacyBP/SIP sequence which was then cloned into p3xFLAG-CMV-10 plasmid.
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###### List of restriction enzymes and primers used for cloning.

![](pone.0156507.t001){#pone.0156507.t001g}

  Plasmid            Restriction site   Sequence of primer/orientation
  ------------------ ------------------ -------------------------------------------
  pFLAG-Hsp90β-NM    EcoRV              F GATCT[GATATC]{.ul}GCCTGAGGAAGTGCACC
  pFLAG-Hsp90β-NM    BglII              R GGTCC[AGATCT]{.ul}TCAATCCTCAGGCAGCTCCAG
  pFLAG-Hsp90β-MC    EcoRV              F GATCT[GATATC]{.ul}TTCTCAGTTCATAGGCTATCC
  pFLAG-Hsp90β-MC    BglII              R GCAGC[AGATCT]{.ul}CTAATCGACTTCTTCCATGC
  pFLAG-Hsp90β-M     EcoRV              F GATCT[GATATC]{.ul}TTCTCAGTTCATAGGCTATCC
  pFLAG-Hsp90β-M     BglII              R GGTCC[AGATCT]{.ul}TCAATCCTCAGGCAGCTCCAG
  pFLAG-CacyBP/SIP   HindIII            F TATA[AAGCTT]{.ul}ATGGCTTCAGAAGAGCTACA
  pFLAG-CacyBP/SIP   BamHI              R TATA[GGATCC]{.ul}TCAAAATTCCGTGTCTCCTT
  His6-Sgt1B         NdeI               F ATAATT[CATATG]{.ul}GCGGCGGCTGCAGCA
  His6-Sgt1B         BamHI              R ACGCGC[GGATCC]{.ul}TTAGTACTTTTTCCATTC

Plasmids were constructed in pCMV10-FLAG and pET28b using restriction enzymes incorporated in the sequence of the primers (underlined). Orientation of the primers is indicated as F (forward) and R (reverse).

For synthesis and purification of recombinant proteins, pET28a(+)-CacyBP/SIP-His, pET28a(+)-Sgt1A-His and pET28a(+)-Sgt1B-His plasmids were used. Construction of the pET28a(+) plasmids encoding mouse CacyBP/SIP and human Sgt1A with N-terminal His tag were described by Filipek *et al*., \[[@pone.0156507.ref027]\] and Nowotny *et al*., \[[@pone.0156507.ref028]\], respectively. To generate the pET28a(+)-Sgt1B-His plasmid, appropriate primers ([Table 1](#pone.0156507.t001){ref-type="table"}) and the pDEST17-hSgt1B plasmid template (generously provided by Prof. Katsumi Kitagawa, University of British Columbia, Vancouver, Canada) were used. The amplified fragment encoding Sgt1B was then cloned into the pET28a(+) plasmid (Novagen). Sequences of all primers and restriction enzymes used for cloning are listed in [Table 1](#pone.0156507.t001){ref-type="table"}.

Expression and purification of recombinant proteins {#sec009}
---------------------------------------------------

All His-tagged proteins were expressed in *E*. *coli* (BL21 DE3 strain) as described previously \[[@pone.0156507.ref028]\] and purified at RT by metal affinity chromatography using Ni^2+^-NTA (for Sgt1A and Sgt1B) or TALON Co^2+^ (for CacyBP/SIP) resins (Clontech). The His-tag was removed by thrombin (Novagen) cleavage according to the manufacturer\'s instruction. Proteins were dialyzed against 25 mM Tris-HCl, pH 8.0, 50 mM NaCl (Sgt1A and Sgt1B) or 20 mM Tris-HCl, pH 8.4, 150 mM NaCl (CacyBP/SIP) and concentrated using centrifugal filters (Amicon, Millipore).

Size-exclusion chromatography (SEC) in fast protein liquid chromatography (FPLC) system was applied as the last preparative step of protein purification. SEC was performed using an ÄKTA Purifier machine (GE Healthcare Life Sciences) and HiLoad™ 16/600 Superdex™ 200 analytical gel filtration column (total resin volume of 120 ml). Data were analyzed using the UNICORN 5.31 software. The column was equilibrated with the same buffer as used for dialysis and then protein sample in this buffer was loaded with flow rate 1 ml/min and pressure of approximately 0.45 MPa. In order to separate the protein sample from non-specific aggregates, only fractions from the main peak were collected, concentrated and, if necessary, enriched with glycerol up to 10% (v/v) for storage.

ELISA assays {#sec010}
------------

Hsp90 purified from HeLa cells (Enzo Life Sciences) and BSA (Serva) were coated onto 96-well microtiter plates (500 ng/well) in 50 μl of Coating Buffer (CB) containing 25 mM HEPES, pH 7.6 and 100 mM KCl. After overnight incubation at 4°C, the solution was removed and the wells were washed with Washing Buffer (WB) containing 25 mM HEPES, pH 7.6, 100 mM KCl and 2% (w/v) BSA. The remaining absorption sites were blocked for 3 hrs at RT with WB. Then, wells were washed with Reaction Buffer (RB) containing 25 mM HEPES, pH 7.6, 50 mM KCl, 5 mM MgCl~2~, 5% (v/v) glycerol, 2 mg/ml BSA, 2 mM DTT and 0.05% (v/v) Triton X-100 and increasing concentrations (0 to 1.33 μM) of recombinant CacyBP/SIP were applied in 50 μl of RB. In the competition assay 0.67 μM concentration of recombinant Sgt1 (Sgt1A and Sgt1B in a molar ratio 1:1) was added together with CacyBP/SIP or, in the second variant of the experiment, constant concentration (1.33 μM) of CacyBP/SIP was added alone or with increasing concentrations (0 to 1.33 μM) of Sgt1 (Sgt1A and Sgt1B in a molar ratio 1:1). After overnight incubation at 4°C, the wells were washed with PBS supplemented with 0.05% (v/v) Tween-20 (PBS-T) and the primary rabbit polyclonal antibody against CacyBP/SIP (Cell Signaling Technology) diluted 1:250 in WB was applied for 3 hrs at RT. Following the washing procedure with PBS-T, incubation with secondary HRP-conjugated anti-rabbit antibody (MP Biomedicals) diluted 1:6000 in WB was carried for 2 hrs at RT. After the final wash with PBS-T, the bound antibodies were detected calorimetrically using the TMB peroxidase EIA substrate (Millipore) according to the manufacturer\'s instructions. The reaction was stopped with 1 M sulfuric acid and the absorbance was measured at 450 nm using a microplate reader (ThermoLabsystem).

Luciferase renaturation assay {#sec011}
-----------------------------

Recombinant firefly luciferase (Promega) was diluted in buffer containing 25 mM HEPES, pH 7.4, 50 mM KCl, 5 mM MgCl~2~ and 1 mM ATP, to 0.04 μM concentration and then thermally denatured in 31°C for 3 min in the absence or presence of 0.5 μM Hsp90, 0.8 μM CacyBP/SIP or both. Next, after 1 min incubation on ice, the renaturation reaction was allowed to proceed up to 120 min at 25°C. For luciferase activity measurement with a luminometer (Turner Designs), aliquots of 1 μl were taken from the renaturation reactions and mixed with 20 μl of luciferase assay reagent (Promega). In the second variant of the experiment other recombinant chaperones, 0.8 μM Hsp40 and 0.4 μM Hsp70 (Enzo Life Sciences), were added to each sample directly after denaturation and renaturation was allowed to proceed for up to 90 min at 25°C.

Citrate synthase aggregation assay {#sec012}
----------------------------------

Porcine citrate synthase (Sigma Aldrich) was assayed for heat-induced aggregation as described previously \[[@pone.0156507.ref029]\], citrate synthase (CS), prepared in a buffer containing 40 mM HEPES, pH 7.5 and 1 mM ATP, was incubated at 43°C for 21 min alone (control) or in the presence of recombinant CacyBP/SIP, Hsp90 purified from HeLa cells (Enzo Life Sciences) or both proteins. As a negative control CS was incubated with recombinant GST (glutathione S-transferase, a gift from Ewelina Jurewicz, Nencki Institute of Experimental Biology, Warsaw). All proteins were used at 0.15 μM concentration. To determine the extent of CS aggregation, the increase in optical density due to light scattering was measured at 360 nm using thermostated spectrofluorimeter (Hitachi F-7000 Fluorescence Spectrophotometer) and the FL Solutions F-7000 software.

Results {#sec013}
=======

CacyBP/SIP interacts with Hsp90 in the cell and under *in vitro* conditions {#sec014}
---------------------------------------------------------------------------

Since the amino acid sequence of the CS and SGS domains of Sgt1, a known Hsp90 co-chaperone, is highly similar to the sequence of the corresponding domains present in the CacyBP/SIP protein ([Fig 1](#pone.0156507.g001){ref-type="fig"}) we checked if CacyBP/SIP might directly interact with Hsp90 and exhibit co-chaperone or chaperone properties.

![Comparison of human Sgt1 and CacyBP/SIP.\
**(A)** Schematic representation of CacyBP/SIP and both isoforms of Sgt1 (Sgt1A and Sgt1B). Grey and black boxes show the CS (CHORD-containing proteins and Sgt1) and the SGS (Sgt1-specific) domains. Hatched box indicates the fragment of sequence specific for Sgt1B. **(B)** Sequence alignment of CacyBP/SIP and Sgt1A. The sequences were compared using ClustalW software. Black and grey boxes indicate identical and similar amino acid residues, respectively. The amino acid identity and similarity in the SGS domain are 29.3% and 63.4%, respectively, and in the CS domain are 36.8% and 55.2%, respectively.](pone.0156507.g001){#pone.0156507.g001}

At first, in order to establish whether CacyBP/SIP binds to Hsp90 we expressed Hsp90α-3xFLAG or Hsp90β-3xFLAG in HEp-2 cells and then performed co-immunoprecipitation using anti-FLAG antibody coupled to agarose beads. As it is shown in [Fig 2A](#pone.0156507.g002){ref-type="fig"}, not only Sgt1 but also CacyBP/SIP are bound to both FLAG-tagged Hsp90 isoforms. To check which domain of Hsp90 is involved in the interaction with CacyBP/SIP, we performed co-immunoprecipitation on anti-FLAG agarose using lysates of HEp-2 cells with expression of FLAG-tagged full length Hsp90β(FL) or its three deletion mutants: Hsp90β(N+M), Hsp90β(M+C) and Hsp90β(M). Western blot analysis of proteins eluted from the resin indicates that CacyBP/SIP, in contrast to Sgt1, co-precipitates not only with full length Hsp90β(FL)-3xFLAG but also with its deletion mutants: Hsp90β(N+M)-3xFLAG, Hsp90β(M+C)-3xFLAG and Hsp90(M)-3xFLAG ([Fig 2B](#pone.0156507.g002){ref-type="fig"}).

![Hsp90-CacyBP/SIP complex formation.\
Co-immunoprecipitation of CacyBP/SIP and Sgt1 with **(A)** FLAG-tagged Hsp90α and Hsp90β or **(B)** full-length Hsp90β (FL) and its deletion mutants containing N-terminal + middle domains (N+M), middle + C-terminal (M+C) or middle (M) domains. Anti-FLAG staining shows expression of Hsp90α-3xFLAG, Hsp90β-3xFLAG and FLAG-tagged Hsp90β deletion mutants. For control, HEp-2 cells were transfected with plasmid encoding 3xFLAG alone. A representative Western blot, out of 3 performed, is shown.](pone.0156507.g002){#pone.0156507.g002}

Furthermore, the proximity ligation assay (PLA) performed on HEp-2 cells with the use of anti-Hsp90 and anti-CacyBP/SIP antibodies, showed that both CacyBP/SIP and Sgt1 form complexes with Hsp90 in the cytoplasm ([Fig 3](#pone.0156507.g003){ref-type="fig"}, upper and middle panel, respectively). In control experiment, cells were incubated without primary antibodies and no signals are detected ([Fig 3](#pone.0156507.g003){ref-type="fig"}, bottom panel). To prove that the interactions observed for Hsp90-Sgt1 and Hsp90-CacyBP/SIP are specific, three additional controls were performed. In the first one, antibodies against Hsp90 alone were included, in the second one, the ligase, a critical reagent in PLA assay, was omitted and in the third one, the primary antibodies against Hsp90 were included together with antibodies against ATP synthase C, a protein which does not bind to Hsp90. In all cases no signals were detected ([S1 Fig](#pone.0156507.s001){ref-type="supplementary-material"}).

![Presence of Hsp90-CacyBP/SIP and Hsp90-Sgt1 complexes in HEp-2 cells analyzed by PLA assay.\
Complexes of examined proteins are visualized in red; cell nuclei, stained with DAPI, are in blue. Scale bar is 10 μm.](pone.0156507.g003){#pone.0156507.g003}

Next, to examine whether Hsp90 and CacyBP/SIP interact directly under *in vitro* conditions, ELISA assay with purified proteins was performed. Hsp90 was immobilized on 96-well microtiter plates and then incubated with increasing concentrations of CacyBP/SIP. Bound CacyBP/SIP was allowed to react with specific anti-CacyBP/SIP antibody and visualized by colorimetric detection. As it can be seen in [Fig 4A](#pone.0156507.g004){ref-type="fig"}, Hsp90 interacts with the CacyBP/SIP protein. However, lack of the signs of saturation even at the highest concentration of CacyBP/SIP suggests that the interaction might be weak and transient.

![Binding of purified Hsp90 to CacyBP/SIP.\
(**A**) ELISA assay with increasing concentrations of CacyBP/SIP. **(B)** Competitive ELISA assay with increasing concentrations of CacyBP/SIP in the absence (black bars) or presence (white bars) of constant concentration of Sgt1 (0.67 μM). **(C)** Competitive ELISA assay with constant concentration of CacyBP/SIP (1.33 μM) in the absence (black bar) or in the presence of increasing concentrations of Sgt1 (grey bars). The results from 3 independent experiments are presented as a mean value of absorbance ± standard error (SEM).](pone.0156507.g004){#pone.0156507.g004}

As it has been already mentioned, the CacyBP/SIP amino acid sequence is homologous to that of Sgt1. Thus, we determined whether both proteins have the same or different binding sites on the Hsp90 molecule. For that we performed competitive ELISA assay in which immobilized Hsp90 was incubated with increasing concentrations of CacyBP/SIP (molar ratio of CacyBP/SIP to Hsp90 ranged from 2:1 to 12:1) in the absence or in the presence of constant amount of Sgt1 (molar ratio of Sgt1 to Hsp90 was 6:1). We have found that there is no statistically significant difference between the signals from wells where CacyBP/SIP was added alone and the wells were CacyBP/SIP was present together with Sgt1 ([Fig 4B](#pone.0156507.g004){ref-type="fig"}). Also, we checked whether Sgt1 could influence the CacyBP/SIP-Hsp90 interaction. As it was expected, increasing concentrations of Sgt1 (molar ratio of Sgt1 to Hsp90 ranged from 2:1 to 12:1) added to a constant amount of CacyBP/SIP (molar ratio of CacyBP/SIP to Hsp90 was 12:1) do not influence its binding to Hsp90 ([Fig 4C](#pone.0156507.g004){ref-type="fig"}). These results demonstrate that CacyBP/SIP and Sgt1 are able to bind to Hsp90 independently and therefore interact with distinct sites on the Hsp90 molecule. Taken together, our data indicate that CacyBP/SIP directly binds to Hsp90 and does not compete for the binding with Sgt1, a known Hsp90 co-chaperone.

Hsp90 inhibition does not influence CacyBP/SIP-Hsp90 binding {#sec015}
------------------------------------------------------------

Next, we examined the influence of two Hsp90 inhibitors, radicicol and novobiocin, on CacyBP/SIP-Hsp90 complex formation and on CacyBP/SIP protein level in HEp-2 cells. Radicicol and novobiocin are naturally occurring antibiotics that bind to Hsp90 (N- and C-terminal domain, respectively) and inhibit Hsp90 activity which, in turn, might prevent the formation of Hsp90 chaperone complexes. Therefore, in order to check whether the activity of Hsp90 is prerequisite for CacyBP/SIP interaction, an immunoprecipitation assay using cell lysate obtained from HEp-2 cells transfected with plasmids encoding Hsp90β-3xFLAG was performed. As it can be seen in [Fig 5](#pone.0156507.g005){ref-type="fig"}, neither radicicol ([Fig 5A](#pone.0156507.g005){ref-type="fig"}) nor novobiocin ([Fig 5B](#pone.0156507.g005){ref-type="fig"}) abolishes the CacyBP/SIP-Hsp90 interaction. In contrast, Sgt1 co-immunoprecipitates only with active Hsp90 (without any inhibitor). To check whether the level of CacyBP/SIP changes in response to Hsp90 inactivation, HEp-2 cells were incubated with increasing concentrations of inhibitors for 6 hrs and then protein lysates were examined by Western blot. Densitometric analysis of the results, showed that the CacyBP/SIP protein level does not change upon treatment with increasing concentration of radicicol or novobiocin ([Fig 6A and 6B](#pone.0156507.g006){ref-type="fig"}). On the contrary, the level of the Raf-1 kinase, a Hsp90 client, decreases and the level of Hsp90 increases. Based on these results it can be concluded that CacyBP/SIP is not a Hsp90 client.

![Influence of Hsp90 inhibition on Hsp90-CacyBP/SIP and Hsp90-Sgt1 complex formation.\
Co-immunoprecipitation of CacyBP/SIP and Sgt1 with FLAG-tagged Hsp90β from HEp-2 cell lysate obtained after 2 hrs treatment with radicicol **(A)** or novobiocin **(B)**. Anti-FLAG staining shows expression of FLAG-tagged Hsp90β. A representative Western blot, out of 3 performed, is shown.](pone.0156507.g005){#pone.0156507.g005}

![Influence of Hsp90 inhibition on CacyBP/SIP protein level.\
Level of CacyBP/SIP in HEp-2 cells treated with different concentrations of radicicol (**A**) or novobiocin (**B**). Representative Western blots (left panels) and densitometric analysis of data from 3 independent experiments (right panels) are shown as means ± standard errors (SEM); \*\*\* p ≤ 0.001, \*\* p ≤ 0.0.01, \* p ≤ 0.05.](pone.0156507.g006){#pone.0156507.g006}

CacyBP/SIP exhibits chaperone properties under *in vitro* conditions {#sec016}
--------------------------------------------------------------------

To check whether CacyBP/SIP exhibits chaperone properties, the ability of this protein to maintain luciferase in a native, folding-competent conformation during thermal inactivation was examined. Recombinant firefly luciferase was thermally denatured alone (control) or in the presence of CacyBP/SIP and Hsp90. Then, renaturation was allowed to proceed and luciferase activity was measured. Data are presented in [Fig 7](#pone.0156507.g007){ref-type="fig"} as percentage of initial luciferase activity. When CacyBP/SIP alone was present, 40% recovery of luciferase activity was observed, as compared to 46% recovery in the presence of Hsp90. When both CacyBP/SIP and Hsp90 were included, the luciferase activity reached 62% of the initial value ([Fig 7A](#pone.0156507.g007){ref-type="fig"}). A similar tendency was observed in another approach, in which Hsp40 and Hsp70 were added to each sample directly after denaturation in order to facilitate the renaturation process. In this case, 54%, 70% and nearly 100% of luciferase activity was recovered when, respectively, CacyBP/SIP, Hsp90 or both proteins were present during luciferase inactivation ([Fig 7B](#pone.0156507.g007){ref-type="fig"}). Chaperone properties of CacyBP/SIP were also examined in the citrate synthase (CS) aggregation assay. To determine the extent of thermally induced CS aggregation the increase in optical density due to light scattering was measured. As it can be seen in [Fig 8](#pone.0156507.g008){ref-type="fig"}, CacyBP/SIP alone as well as in cooperation with Hsp90 inhibits aggregation of this enzyme. In control experiments thermal self-aggregation of the examined proteins (CS, Hsp90, CacyBP/SIP and GST) was checked and it was found that none of these proteins formed aggregates ([S2 Fig](#pone.0156507.s002){ref-type="supplementary-material"}).

![Renaturation of thermally denatured luciferase by CacyBP/SIP.\
Purified, recombinant luciferase (0.04 μM) was denatured alone (control) or in the presence of 0.5 μM Hsp90, 0.8 μM CacyBP/SIP or both at 31°C for 3 min and then left to recover at 25°C for 120 min **(A)** or for 90 min **(B)**. In **(B)** 0.8 μM Hsp40 and 0.4 μM Hsp70 were added directly after denaturation. Luciferase activity was calculated as a percentage of the value before denaturation. Data from 4 independent experiments are shown as a mean ± standard error (SEM); \*\*\* p ≤ 0.001, \*\* p ≤ 0.0.01, \* p ≤ 0.05.](pone.0156507.g007){#pone.0156507.g007}

![Influence of CacyBP/SIP on heat-induced aggregation of citrate synthase.\
Aggregation of 0.15 μM citrate synthase (CS) was measured by the increase in optical density due to light scattering (at 360 nm) during incubation at 43°C for 21 min in the absence (control) or presence of GST (negative control), Hsp90, CacyBP/SIP or both Hsp90 and CacyBP/SIP at 0.15 μM final concentration each; **A)** a representative result (out of three performed) is shown as a function of time. **B)** Mean relative levels of CS aggregation in the presence of equimolar concentrations of indicated proteins at the 20-min time point of the aggregation reaction. Data from 3 independent experiments are shown as a mean ± standard error (SEM); \* p\<0.05, \*\* p\< 0.01.](pone.0156507.g008){#pone.0156507.g008}

Taken together, the obtained results indicate that CacyBP/SIP together with Hsp90 as well as on its own is able to protect recombinant luciferase from temperature-induced denaturation and to inhibit aggregation of CS. It suggests that the CacyBP/SIP protein exhibits chaperone properties and might be involved in regulation of the Hsp90 chaperone function.

Phosphatase activity of CacyBP/SIP towards Hsp90 {#sec017}
------------------------------------------------

Taking into account that CacyBP/SIP has been shown to serve as a phosphatase for ERK1/2 kinase \[[@pone.0156507.ref020],[@pone.0156507.ref030]\], we checked the ability of CacyBP/SIP to dephosphorylate Hsp90. To examine whether CacyBP/SIP might dephosphorylate Hsp90 in the cell, HEp-2 cells were co-transfected with plasmid encoding Hsp90β-3xFLAG and either plasmid encoding 3xFLAG (control) or CacyBP/SIP-3xFLAG. The pattern of Hsp90 forms with different isoelectric points (pI) was analyzed by 2D electrophoresis followed by Western blot ([Fig 9A](#pone.0156507.g009){ref-type="fig"}). After expression of CacyBP/SIP-3xFLAG ([Fig 9A](#pone.0156507.g009){ref-type="fig"}, middle panel), the protein spots corresponding to Hsp90 forms are shifted in the direction of more basic pH values in comparison to the control ([Fig 9A](#pone.0156507.g009){ref-type="fig"}, upper panel). Interestingly, the pattern of Hsp90 forms after incubation of cell lysate with Lambda Protein Phosphatase (Lambda PP) ([Fig 9A](#pone.0156507.g009){ref-type="fig"}, bottom panel) is somehow similar to the pattern obtained for the lysate of cells expressing CacyBP/SIP-3xFLAG.

![Pattern of spots representing Hsp90 forms with different pI values.\
**(A)** Pattern of Hsp90 spots in HEp-2 cell lysate. Upper panel: HEp-2 cells co-transfected with plasmids encoding Hsp90β-3xFLAG and 3xFLAG (control). Middle panel: HEp-2 cells co-transfected with plasmids encoding Hsp90β-3xFLAG and CacyBP/SIP-3xFLAG. Bottom panel: HEp-2 cells co-transfected with plasmids encoding Hsp90β-3xFLAG and 3xFLAG (control) but lysate was incubated with Lambda Protein Phosphatase (Lambda PP). (**B)** Pattern of spots corresponding to purified Hsp90. Upper panel: Hsp90 (control). Middle panel: Hsp90 incubated with recombinant CacyBP/SIP. Bottom panel: Hsp90 incubated with Lambda Protein Phosphatase (Lambda PP). A representative Western blot, out of 3 performed after two dimensional (2D) electrophoresis, is shown.](pone.0156507.g009){#pone.0156507.g009}

In another approach, purified Hsp90 was incubated alone (control) or in the presence of recombinant CacyBP/SIP or Lambda Protein Phosphatase (Lambda PP) and then analyzed by 2D electrophoresis ([Fig 9B](#pone.0156507.g009){ref-type="fig"}). When Lambda Protein Phosphatase (Lambda PP) was present a pronounced shift of Hsp90 forms towards basic pI values could be observed ([Fig 9B](#pone.0156507.g009){ref-type="fig"}, bottom panel). Incubation with CacyBP/SIP also resulted in the appearance of more basic Hsp90 forms ([Fig 9B](#pone.0156507.g009){ref-type="fig"}, middle panel). Altogether, these results suggest that CacyBP/SIP dephosphorylates Hsp90.

Discussion {#sec018}
==========

CacyBP/SIP is present in various mammalian cells and tissues \[[@pone.0156507.ref016],[@pone.0156507.ref031]\] and seems to play a role in many different cellular processes including cell proliferation and differentiation \[[@pone.0156507.ref019]\]. CacyBP/SIP is a multi-ligand protein. Among its binding partners there are some S100 proteins, components of E3 ubiquitin ligase (Siah-1 and Skp1), cytoskeletal proteins (tubulin, actin and tropomyosin), ERK1/2 and tau protein. In this work, we have shown that CacyBP/SIP interacts with the Hsp90 molecular chaperone. Since the obtained data show that CacyBP/SIP exhibits chaperone properties and might serve as Hsp90 phosphatase, it can be suggested that CacyBP/SIP is involved in regulation of the Hsp90 chaperone machinery.

A number of observations prompted us to investigate whether CacyBP/SIP is able to bind to Hsp90. The CacyBP/SIP amino acid sequence is similar to that of a known Hsp90 co-chaperone, Sgt1. Interestingly, the highest homology between CacyBP/SIP and Sgt1 is seen in the central (CS) and C-terminal (SGS) domains, which bind Skp1 and S100 proteins, respectively \[[@pone.0156507.ref028],[@pone.0156507.ref032]\]. Furthermore, Sgt1 binds Hsp90 through the CS and SGS domains \[[@pone.0156507.ref013],[@pone.0156507.ref014]\]. Regarding CacyBP/SIP, preliminary NMR \[[@pone.0156507.ref013]\] and mass spectrometry \[[@pone.0156507.ref022]\] experiments provide data suggesting its interaction with Hsp90. Also, a recent study concerning chaperone interaction networks, has considered CacyBP/SIP as a CS domain-containing co-chaperone of Hsp90 \[[@pone.0156507.ref023]\]. However, direct interaction between these two proteins has not been confirmed. The results presented in this work show for the first time that CacyBP/SIP is a novel Hsp90-interacting partner exhibiting chaperone properties. We have observed binding between CacyBP/SIP and Hsp90 both in the cell and *in vitro* with the use of purified proteins. We have shown that CacyBP/SIP and Hsp90 form complexes localized predominantly in the cytoplasm of HEp-2 cells. Results of luciferase renaturation assay and citrate synthase aggregation assay, methods commonly used for searching for chaperone properties \[[@pone.0156507.ref033],[@pone.0156507.ref034]\], have shown that CacyBP/SIP acts as a chaperone.

It is worth to highlight that despite the sequence and structure similarity between Sgt1 and CacyBP/SIP \[[@pone.0156507.ref013],[@pone.0156507.ref028],[@pone.0156507.ref032]\], there are some significant differences in terms of their interaction with Hsp90. Firstly, the competitive ELISA assay with the use of recombinant proteins has revealed that CacyBP/SIP does not compete with Sgt1 for binding to Hsp90. It indicates the existence of distinct binding sites for these two proteins within the Hsp90 molecule. The same phenomenon has been reported previously for plant Sgt1 and another known Hsp90 co-chaperone, p23, which is structurally similar to the CS domain of Sgt1 \[[@pone.0156507.ref035]\]. Secondly, both CacyBP/SIP and Sgt1 co-immunoprecipitate with full-length Hsp90(α and β)-3xFLAG, whereas only CacyBP/SIP is detected among the proteins associated with FLAG-tagged Hsp90β deletion mutants. According to these results, CacyBP/SIP seems to interact with the middle (M) domain of Hsp90. In contrast, human Sgt1 requires the full-length Hsp90, although plant Sgt1 has been shown to associate with the N-terminal domain of Hsp90 \[[@pone.0156507.ref035],[@pone.0156507.ref036]\]. Finally, CacyBP/SIP, but not Sgt1, co-immunoprecipitates with Hsp90β-3xFLAG in lysates obtained from HEp-2 cells treated with radicicol or novobiocin. Radicicol and novobiocin, which bind to the N-terminal or C-terminal domain of Hsp90, respectively, inhibit Hsp90 function by precluding the interaction of Hsp90 with its clients, such as Raf-1 kinase and other co-chaperones \[[@pone.0156507.ref037]--[@pone.0156507.ref039]\]. Nevertheless, our results show that the CacyBP/SIP-Hsp90 complex is formed both in the absence of the ATP-binding domain and when the Hsp90 ATPase activity is inhibited. According to these findings, we conclude that CacyBP/SIP interacts with Hsp90 in an ATP-independent manner. Moreover, interaction of CacyBP/SIP with Hsp90 deletion mutants that lack the dimerization domain, Hsp90β(N+M) and Hsp90β(M), proves that the binding is mediated by a monomeric middle (M) domain of Hsp90. Thus, although Sgt1 and CacyBP/SIP have similar sequence and structure, they bind to Hsp90 in a distinct manner and, in consequence, might play a different role in the Hsp90 chaperone system.

Apart from co-chaperones, Hsp90 activity is regulated by various post-translational modifications that include phosphorylation, acetylation, S-nitrosylation, oxidation and ubiquitination \[[@pone.0156507.ref009],[@pone.0156507.ref040]\]. Among these modifications, phosphorylation of Hsp90 seems to be the most commonly occurring one. It is interesting, that majority of the amino acid residues that undergo phosphorylation are present in the N-terminal and middle part of the Hsp90 molecule \[[@pone.0156507.ref009],[@pone.0156507.ref041]\]. This suggests that phosphorylation might regulate ATPase activity and thus determine the binding affinity of some co-chaperones and client proteins. Indeed, phosphorylation of key residues specifically modulates conformational changes of Hsp90 during the ATPase cycle and affects its ability to interact with distinct client proteins. On the other hand, protein phosphatase 5 (PP5/Ppt1), also known as a co-chaperone of Hsp90, dephosphorylates Hsp90 and positively regulates its chaperone activity \[[@pone.0156507.ref042]\]. In the light on these data, our results demonstrating that CacyBP/SIP changes the pattern of Hsp90 spots with different isoelectric points suggest that CacyBP/SIP might play a significant role in regulation of Hsp90 function through dephosporylation of the chaperone. Since Hsp90 residues influenced by CacyBP/SIP phosphatase are not known at present, future studies may include identification of these residues as well as searching for the physiological effect of Hsp90 dephosphorylation by CacyBP/SIP.

Conclusion {#sec019}
==========

In this work we have shown that CacyBP/SIP interacts with Hsp90 and exhibits chaperone properties. Immunoprecipitation assay showed that the middle (M) domain of Hsp90 is responsible for CacyBP/SIP binding and the proximity ligation assay (PLA) revealed the presence of CacyBP/SIP-Hsp90 complexes in the cytoplasm of HEp-2 cells. ELISA with the use of purified proteins has shown that Hsp90 interacts directly with CacyBP/SIP and that CacyBP/SIP and Sgt1 do not compete for the binding to Hsp90. CacyBP/SIP was also shown to protect luciferase from thermal denaturation and citrate synthase from aggregation, which suggests that CacyBP/SIP exhibits chaperone properties. As a result of CacyBP/SIP-3xFLAG expression in HEp-2 cells, a shift in spots, representing Hsp90 forms with different isoelectric points, towards more basic pH values was observed. This may indicate that CacyBP/SIP dephosphorylates Hsp90. Altogether, the presented results suggest that CacyBP/SIP is involved in regulation of the Hsp90 chaperone machinery.

Supporting Information {#sec020}
======================

###### Control proximity ligation assays (PLA) performed on HEp-2 cells.

Antibodies against Hsp90 alone (upper panel). Absence of ligase, a critical reagent for PLA assay (middle panel). Primary antibodies against Hsp90 and against ATP synthase C, a protein which does not interact with Hsp90 (bottom panel). Cell nuclei, stained with DAPI, are in blue. Scale bar is 10 μm.

(TIF)

###### 

Click here for additional data file.

###### Measurements of aggregation of citrate synthase (CS), GST, Hsp90 and CacyBP/SIP.

Aggregation of these proteins at 43°C (0.15 μM concentration) in a buffer containing 40 mM HEPES, pH 7.5 and 1 mM ATP, was monitored by measurement of optical density at 360 nm during 21 min.

(TIF)

###### 

Click here for additional data file.
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BSA

:   bovine serum albumin

CacyBP/SIP

:   calcyclin (S100A6) binding protein/Siah-1 interacting protein

co-IP

:   co-immunoprecipitation

DMEM

:   Dulbecco's Modified Eagle's Medium

DTT

:   dithiothreitol

GST

:   glutathione S-transferase

HEp-2

:   Human Epidermal Carcinoma

pI

:   isoelectric point

IEF

:   isoelectrofocusing

PBS

:   phosphate buffered saline

PAGE

:   polyacrylamide gel electrophoresis

SDS

:   sodium dodecyl sulfate

Sgt1

:   Suppressor of G2 allele of Skp1

TBS

:   tris buffered saline

2D

:   two dimensional electrophoresis
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